Influence of Zr O 2 addition on the microstructure and discharge properties of Mg-Zr-O protective layers in alternating current plasma display panels J. Appl. Phys. 98, 043304 (2005) The photoluminescence and field-emission properties of Mg 0.1 Zn 0.9 O nanowires ͑MZO NWs͒ hydrothermally grown on the p-type silicon ͑100͒ substrates with and without phosphorus dopant were investigated in this study. Parts of MZO NWs were treated with PH 3 plasma to form phosphorus-doped MZO NWs ͑PMZO NWs͒. The MZO and PMZO are wurtzite single crystals, and the surface morphologies of MZO NWs are identical to those of PMZO NWs with an average diameter of 50 nm and a length of 500 nm. The direct band gaps and emitted ultraviolet photoluminescences of the MZO and PMZO NWs are 3.41 eV and 403.8 nm and 3.56 eV and 385.4 nm, respectively. The MZO NWs grown on Si substrates have an emission threshold electric field of 1.8 V / m ͑current density of 1.0 mA/ cm 2 ͒ and a field enhancement factor, ␤, of 3048 while the PMZO NWs show enhanced properties with a threshold electric field of 1.5 V / m and a ␤ value of 3054. These field-emission properties are also enhanced by illumination, which reveals that the emission behavior is affected by the surface charge state. Therefore, it is suggested that the band structure of MZO NWs has been modulated by phosphorus incorporation.
I. INTRODUCTION
Recently, one-dimensional nanowires ͑NWs͒ have been extensively studied for potential applications to photonic, electro-optical, and electronic devices because of their unique physical and chemical properties. There are various methods to synthesize the NWs; however, the hydrothermal process has several advantages over other growth processes such as catalyst-free growth, low cost, large area uniform production, environmental friendliness, and low reaction temperature to integrate into the microelectronics and plastic electronics. The NWs with sharp tips are suitable structures for cold cathode field-emission device application. It has been reported that the emission characteristics of Si NWs depend on the doping type ͑n and p types͒.
1-3 However, the field-emission properties of other NWs with various dopants are still unclear.
Zinc oxide ͑ZnO͒ is an attractive material for electronic and electro-optical devices, such as the ultraviolet ͑UV͒ laser device,phosphor, transparent conducting films for solar cell, and flat panel display, because of its wide band gap ͑3.4 eV͒ and large exciton binding energy ͑60 meV͒. [4] [5] [6] Current trends in developing ZnO-based optoelectronic devices are focused on synthesizing reliable n-type and p-type ZnO. 7, 8 But, it was difficult to fabricate reproducible p-type ZnO due to self-compensation and low solubility of dopants. 9 Recently, Norton and co-workers have reported that the P 0.02 Mg 0.1 Zn 0.9 O film showed stable p-type behavior by adding Mg and P together-Mg dopant to increase the band gap and P dopant to introduce the acceptor level. 10, 11 In this work, the Mg 0.1 Zn 0.9 O ͑MZO͒ NWs are fabricated on p-type ͓B doped, 1 − 10 ⍀ cm͔ Si substrates by the hydrothermal method. The P ions were incorporated into part of the MZO NWs to form phosphorus-doped MZO NWs ͑PMZO NWs͒ by using plasma treatment. The crystal structure, chemical composition, photoluminescence, and fieldemission characteristics of MZO and PMZO NWs on the p-type Si ͑100͒ substrates were examined. The effect of phosphorus dopant on the properties of MZO NWs was also studied.
II. EXPERIMENT
Before deposition, the p-type Si substrates were cleaned by Radio Corporation of America ͑RCA͒ clean process to remove native silicon oxide on the substrate surface. Ultrathin ZnO seeding film ͑ϳ70 Å͒ was deposited on the Si substrate by rf-sputtering ͑13.56 MHz͒ method under Ar sputtering gas at 20 mTorr. Then, the coated Si substrate was put into an aqueous solution ͑Milli Q, 18.2 M⍀ cm͒ of zinc nitrate hexahydrate ͑Zn͑NO 3 ͒ 2 ·6H 2 O , 0.01M͒, magnesium nitrate hexahydrate ͑Mg͑NO 3 ͒ 2 ·6H 2 O , 0.06M͒, and diethylenetriamine ͑HMTA, C 6 H 12 N 4 ͒ with a pH value of 7.2 in a sealed vessel at 75°C for 1 h. After this hydrothermal reaction, the MZO NWs can be formed on the Si substrate and the color of the product was gray. The microstructure and properties of the synthesized MZO NWs that have been cleaned with deionized ͑DI͒ water and dried in the vacuum oven at room temperature for 5 h were investigated. To fabricate the PMZO NWs, the MZO NWs were exposed to PH 3 plasma for 120 s. The plasma treatment was carried out in an inductively coupled plasma ͑ICP͒ reactor using a 3 kW ICP power supply. The processing conditions were under 10 mTorr working pressure, 200 W ICP, 200°C reaction temperature, and both Ar ͑99.5%͒ and PH 3 ͑99.5%͒ with 100 cm 3 / min flow rate. Then, these NWs were rapid thermally annealed ͑RTA͒ at 300°C for 30 min in the oxygen atmosphere. The crystal structure of the NWs was examined by x-ray diffraction ͑XRD͒ ͑MAC Science, MXP18, Japan͒. The surface morphologies of the NWs were observed by field-emission scanning electron microscopy ͑FESEM͒ ͑Hi-tachi S-4700I, Japan͒ and high-resolution transmission electron microscopy ͑HRTEM͒ ͑Philips tecani-20͒. The chemical composition of the NWs was analyzed by x-ray photoelectron spectroscopy ͑XPS͒ ͑VG Scientific ESCALAB 250͒. Room-temperature optical properties characterizations were performed by UV-visible ͑UV-VIS͒ spectrometer Hitachi 557, Japan͒ and photoluminescence analyzer ͑PL, Hitachi F-4500, Japan͒ with Xe lamp as an excitation source ͑325 nm͒. The conducting behaviors of MZO and PMZO were characterized by the Hall-effect measurements ͑HL500PC͒ at a magnetic-field strength of 0.3 T at room temperature. The samples used for this measurement were bulk materials, which have the same chemical compositions as the NWs. The field-emission characteristics of the NWs were measured by Keithley 237 source-measure unit in a vacuum chamber at a pressure of 1 ϫ 10 −6 Torr at room temperature. In the fieldemission measurement, a tungsten anode with an area of 7.0ϫ 10 −3 cm 2 was placed at a distance of 350 m from tips of the NWs, which can be adjusted by a precision screw meter with an accuracy of ±0.1 m.
III. RESULTS AND DISCUSSION
The typical FESEM images which illustrate the surface morphologies of MZO and PMZO NWs on p-type Si substrates are shown in Fig. 1 . It is indicated that the randomly oriented MZO NWs have an average diameter of 50 nm, an average length of 0.5 m, and a number density of 3.4 ϫ 10 10 cm −2 . These NWs are nonvertical and randomly distributed over the polycrystalline ZnO seeding film and exhibit homogeneous morphologies with hexagonal columnar shape. The surface morphologies of PMZO NWs ͓Fig. 1͑b͔͒ including shape, diameter, length, and number density are identical to those of MZO NWs. Thus, the surface morphologies of the MZO NWs remain unchanged after the PH 3 plasma treatment.
The crystal structure and phase of the NWs were determined by XRD. Figure 2 depicts the XRD patterns of MZO and PMZO NWs grown on the p-type Si substrates, respectively, and the inset is the enlarged XRD patterns of peak ͑002͒ of the NWs with 2 from 34°to 35°. The XRD peak at 33.06°is caused by the Si substrate, and three main diffraction peaks are indexed as ͑100͒, ͑002͒, and ͑110͒ of the wurtzite structure, respectively. Thus, single phase MZO and PMZO NWs with the wurtzite structure were synthesized by the hydrothermal method. The lattice constants and corresponding cell volumes ͑3 ͱ 3a 2 c /2͒ of MZO and PMZO NWs can be calculated from their XRD patterns. The c-axis lengths calculated from the ͑002͒ peak of MZO and PMZO are 5.192 and 5.198 Å, respectively; a-axis length calculated from the ͑100͒ peak is 3.241 Å for both NWs, and the cell volumes are 141.69 and 141.86 Å 3 , respectively. After the P plasma treatment, the PMZO NWs retain the crystal structure of wurtzite and no other impurities appear but have a small change in the c-axis length and slight increase in cell volume. The variation of the c-lattice constant may be due to the P plasma implanting perpendicularly to the substrate. Such a P implantation along the ͑002͒ direction of MZO leads to an increase in the c-axis parameter. The addition of P to MZO forms a solid solution with the wurtzite structure; a possible reaction is
where P O Ј means P 3− substituted for O 2− site and V ͑Mg,Zn͒ Љ indicates a vacancy formed at a Zn 2+ or Mg 2+ site in the lattice of the MZO NWs. It is suggested that a P 3− ion is substituted for an O 2− ion, which leads to a Zn vacancy formation. Therefore, the deviation of the lattice constants can be due to the P atoms incorporated in the NWs by plasma implantation and the different ionic radii between P 3− ͑r P The typical HRTEM image of PMZO NWs and corresponding selected area electron diffraction ͑SAED͒ are shown in Fig. 3 , which illustrates the microstructural features of the PMZO NWs. The SAED pattern in the inset of Fig. 3 can be indexed to the reflection of single-crystalline PMZO hexagonal structure, and its lattice constants are a = b = 3.241 Å and c = 5.198 Å, which are consistent with the XRD result. The SAED pattern indicates that the NWs grow in the ͓0002͔ direction with wurtzite structure, and the distance between parallel ͓0002͔ lattice fringes of the NWs is 5.198 Å. This pattern also depicts the single-crystalline structure of the PMZO NWs. Moreover, the defects such as dislocations and stacking fault were not observed in the PMZO NWs. For both the MZO and PMZO NWs, only the growth direction ͓0002͔ was found. It concludes that the MZO NWs can be doped with P by the plasma treatment but without damaging its crystal structure.
The chemical composition of the PMZO NWs was further analyzed by the XPS and the results are shown in Fig. 4 . The XPS spectrum of PMZO NWs shows that there are feature peaks corresponding to elements of Zn, Mg, P, O, C, and Si. Three strong peaks located at 530.8, 1024.4, and 1048.0 eV are, respectively, due to the O ͑1s͒ and Zn ͑2p 3/2 and 2p 1/2 ͒ binding energies for ZnO NWs, while three weak peaks located at 49.6, 129.9, and 130.5 eV are due to the Mg ͑2p͒ and P ͑2p 3/2 and 2p 1/2 ͒ binding energies for Mg and P incorporated in the NWs. The appearance of carbon at the peak of 263 eV results from the residual reactants adsorbed on the surface of the NWs, and the peak of Si was detected due to the Si substrate. Obviously, the dominant chemical composition of the NWs is ZnO and a little amount of Mg and P is incorporated into these NWs on the basis of the results of XPS measurement. With further detailed examinations, the chemical composition of these NWs is P 0.02 Mg 0.1 Zn 0.9 O. Figure 5͑a͒ shows the photoluminescence spectra of MZO and PMZO NWs excited by a Xe lamp ͑ = 325 nm͒ at room temperature. It is indicated that MZO NWs emit luminescences at 403.8 nm ͑3.07 eV͒, 451 nm ͑2.75 eV͒, 465 nm ͑2.67 eV͒, 495 nm ͑2.51 eV͒, and 520 nm ͑2.38 eV͒, respectively. The UV emission at 403.8 nm is caused by the bandedge emission of MZO. The luminescence at 451 nm was reported to be due to the Zn vacancy ͑V Zn Љ ͒. 12 The emission of 465 nm may be associated with the oxygen deficiency in these NWs formed in the growth environment of hydrothermal process. 13 The possible reactions that take place in the aqueous solution in such an environment are the following:
The Zn 2+ ions are sufficient in this solution, but the OH − ions are finite in the solution because hexamethylenetetramine ͑HMTA͒ slowly releases OH − . Thus, oxygen is expected to be lacking in the NWs fabricated by the hydrothermal method. This phenomenon also results in the deep-level 14 and singly ionized oxygen vacancies 15 luminescences at 495 and 520 nm as shown in Fig. 5͑a͒ . On the other hand, the PMZO NWs emit 385.4 nm ͑3.22 eV͒, 412 nm ͑3.02 eV͒, 451, 465, 480 nm ͑2.58 eV͒, 495, and 520 nm luminescences. It is shown that the near band-edge emission peak shifts from 403.8 to 385.4 nm and a Stokes shift of 0.15 eV happens as the P was incorporated in the MZO NWs. Such a blueshift of optical band-to-band transitions was reported to be related to the Burstein-Moss effect. 16 The emissions at 412 and 480 nm may be associated with the nonstoichiometric oxide 17 and ionized Zn vacancy ͑V Zn Ј ͒ ͑Ref. 12͒ in the PMZO NWs. The UV emission of PMZO NWs is a little weaker than that of MZO NWs, while the emissions of PMZO NWs at 465, 495, and 520 nm caused by oxygen vacancies are much weaker than those of MZO NWs. It could be proposed that the P substitution causes the oxygen vacancies in PMZO to decrease and introduces an acceptor level leading to a decrease in electron concentration but an increase in hole concentration and finally PMZO NWs become p-type conduction, which can be further verified by the following the Hall-effect measurement. Room-temperature transmission spectra of MZO and PMZO NWs were recorded by an UV-visible spectrometer. To realize the relationship between the transmission spectra and the band gap, ͑␣h͒ 1/2 is plotted as a function of photon energy ͑h͒ as shown in Fig. 5͑b͒ . The absorption edge is used to determine the energy band gap ͑E g ͒ of the NWs. The band gap of MZO NWs is 3.41 eV, and that increases to 3.56 eV for the PMZO NWs. Such an increase is attributed to the broadening effect 18 occurring as the carriers feel different potentials for the different local concentrations of the substituting elements in the crystal. Therefore, the band gap can be modulated by adding P content in the MZO NWs, which may be applied in various optoelectronic applications. On the basis of the results of the Hall-effect measurement, the MZO bulk performs the n-type conduction with a resistivity of 1.1 ⍀ cm, Hall mobility of 10.2 cm 2 / V s, and carrier concentration of 5.8ϫ 10 17 cm 3 , while the PMZO one exhibits the p-type behavior with a resistivity of 4.3 ϫ 10 −1 ⍀ cm, Hall mobility of 15.8 cm 2 / V s, and carrier concentration of 9.2ϫ 10 17 cm 3 . Therefore, it can be expected that the PMZO NWs also exhibit p-type conductivity due to the same composition between NWs and bulk materials we measured.
The field-emission characteristics of the MZO and PMZO NWs on the p-type Si ͑100͒ substrate are shown in Fig. 6 . As shown in Fig. 6͑a͒ , the turn-on electric field ͑E on , under the current density of 1.0 A/cm 2 ͒ and threshold electric field ͑E th , under the current density of 1.0 mA/ cm 2 ͒ of MZO NWs are 1.3 and 1.9 V / m, respectively, while those of PMZO NWs are 1.0 and 1.5 V / m, respectively. The semilogarithmic plots of J-E field-emission characteristics shown in the inset of Fig. 6͑a͒ further identify their emission properties. These plots can be divided into three parts: zero emission ͑region 1͒, Fowler-Nordheim ͑F-N͒ field emission ͑region 2͒, and current saturation region ͑region 3͒. The E on is defined as the electric field for which tunneling of PMZO NWs occurs and is 1.0 V / m which is lower than that of MZO NWs ͑1.3 V / m͒. Above E on ͑region 2͒, the emission current density abruptly increases and then saturates at the high electric-field region ͑region 3͒. The current density emitted by MZO NWs is lower than that of PMZO NWs under the same electric field. A knee electric field, E knee , is defined as the demarcation point between F-N field-emission and current saturation regions. The E knee of MZO and PMZO NWs, respectively, are 1.8 and 1.5 V / m. In this F-N tunneling region, the better field-emission properties were observed for the PMZO as compared with MZO because the resistance of PMZO is smaller. This worse field-emission ability of MZO may be due to a potential barrier formed by the negative charge in the surface state of n-type emitters.
1,2
Thus, the p-type PMZO NWs with lower surface state barrier perform the better field-emission properties. The MZO and PMZO NWs on p-type Si substrates perform at a saturation region at higher electric field ͑region 3͒ in the J-E plot. This saturation region exists due to the high resistance in the series of semiconductor emitters. 19 As shown in the inset of Fig. 6͑a͒ , the resistances in series of MZO and PMZO NWs are introduced to fit the J-E plot and the values of 93 and 62 k⍀ are obtained, respectively. The decreasing resistance in the series of PMZO NWs is attributed to a lower potential barrier formed by the positive charge in the surface state of p-type PMZO emitters. Obviously, the P dopant can improve the field-emission properties of MZO NWs on the p-type Si ͑100͒ substrate. The PMZO NWs with the low threshold electric field and low resistance in series are suitable for the field-emission applications.
The corresponding F-N plots ͓ln͑J / E 2 ͒ vs E −1 ͔ of the MZO and PMZO NWs on the p-type Si ͑100͒ substrate are depicted in Fig. 6͑b͒ , indicating that the measured fieldemission characteristics fit the F-N relationship. The F-N relationship is as follows:
where J is the current density, E the applied field, ⌽ the work function of the ZnO ͑5.37 eV͒, ␤ the field enhancement factor, A = 1.56ϫ 10 −10 ͑A V −2 eV͒, and B = 6.83ϫ 10 3 ͑V eV −3/2 m −1 ͒. The calculated ␤ value of MZO NWs is 3048, and that of PMZO NWs is 3054. Therefore, the ␤ value of PMZO NWs is close to that of MZO NWs. It is well known that the ␤ depends on the geometry, structure, tip size, and number density of the emitters on the substrate. It is believed that the similar surface morphology and structure between PMZO and MZO NWs ͑Figs. 1-3͒ is the main reason for having nearly same ␤ values.
The photoenhanced field-emission properties of MZO and PMZO under a 30 W incandescent lamp irradiation are studied to demonstrate the influence of the illumination on the field emission. The E on , E th , E knee , ␤, and R s values of these NWs can be obtained from the slopes and fitting curves of the F-N plots and are listed in Table I . The E on and E th of PMZO NWs under illumination decrease to 0.9 and 1.3 V / m, respectively, and its maximum current density increases to 72 mA/ cm 2 . As shown in the insert of Fig. 6͑c͒ , the calculated resistances in series of the MZO and PMZO NWs under illumination from the fitting are 72 and 45 k⍀, respectively, which are lower than those values without illumination. The ␤ values of these two NWs under illumination calculated from the slopes of the F-N plots ͓Fig. 6͑d͔͒ are identical to those of the dark one. Therefore, it is demonstrated that the carriers in the MZO and PMZO NWs are excited during the illumination, leading to an increase in the emission current density and a reduction in the resistance in series, but unchanged structure and surface morphology after illumination lead to similar ␤ values. Figure 7 depicts the J-E curves and corresponding F-N plots with E from 0 to 1.95 V / m ͑forward sweep͒ and then back to 0 V / m ͑backward sweep͒ of PMZO NWs grown on the p-type Si substrate. The two J-E curves are almost merged and no hysteresis behavior caused by adsorbates 20 observed in this measurement. Thus, it is demonstrated that the good field-emission performance ͑low turn on electric field and high emission current density͒ of PMZO NWs is not caused by the adsorbates on the NWs but the intrinsic properties of the NWs.
IV. CONCLUSIONS
In summary, the single-crystalline MZO and PMZO NWs on the p-type Si ͑100͒ substrates are synthesized by hydrothermal route. The structure and surface morphology of MZO NWs are similar to those of PMZO NWs. The average diameter of these two nanostructures is 50 nm and the length is 500 nm. Room-temperature transmission spectra illustrated that the band gap of MZO NWs shifts from 3.41 to 3.56 eV, and the band-edge emission from 403.8 to 385.4 nm when the plasma implantation of P into them occurs to form PMZO NWs. Moreover, such PMZO NWs exhibit better field-emission properties including the lower threshold electric field, lower resistance in series, and higher emission current density, in comparison with MZO NWs. The improved field-emission characteristic of PMZO is attributed to the changes in surface state of the nanostructure at both threshold voltage and F-N field-emission regions. The PMZO NWs with good field-emission properties are a suitable material for flat display application. Moreover, the modulated band gap can be obtained with P doping but keep similar crystal structure, which may also be able to be applied for the future nanohomojunction ZnO optoelectronic and field-emission devices. 
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